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ANTI-STOKES EMISSTON AS A VUV AND SOFT X-RAY SDURCHl

S. E. Harris, J, Lukasik,’ J. F. Young, and L. J,. Zych
Edward L. Ginzton Laboratory
\ Stanford University
\ Stanford, California 9hs0%

A VUV and soft x-ray light source based on spontancous anti-
Stokes scattering from atomic population stored in a meta-
stable level is described. Unique properties of this source
include: narrow linewidth, tunability, linear polarization,
picosecond time scale, and quite high spectral brightness.
We show how the maximum source brightness, within its narrow
linewidth, is that of a blackbedy at the temperature T of
a metastable storage level.¢ Experimental results showing
laser induced emission at S0 X and 057 X from a He plow
discharge are described. The use of the anti-Stokes process
for direct, internal energy transfer from a storage species
to a target species is discussed.

In this paper we discuss some of the properties of a new type of vacuum
ultraviolet and soft x-ray light source [1,2]. The source is based on spon-
taneous anti-Stokes scattering from atomic population which is electrically
stored in an appropriate metastable level. The source has several unique
properties which include: narrow linewidth, tunability, picosecond tiwme
scale operation, linear polarization, and relatively high peak spectral
brightness. We will see shortly that this peak spectral brightoness corres-
ponds to that of a blackbody at the temperature T of the storage level.

A schematic of the anti-Stokes light source is shown in Fig.l.

Though anti-Stokes scattering is usually described in terms of a spon-
taneous scattering cross section, it is better for our purpose to describe
it in terms of a spontaneous emission rate A(®) induced by the laser pump
field E, at frequency “p [3]. This spontaneous emission rate at the

u

vacuum ultraviolet frequency @ may be written

x
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The quantity Az) 1is the Einstein A coefficient for spontaneous emission
from level '}) to level Il) The lineshape g(w - “VUV) is the con-
volution of the Doppler- or pressure-broadened linewidth of the [1) -]2)
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Fig.l Schematic and energy level diagram for spontancous anti-
Stokes light source. An upper and lower sideband is obtained,

We see from (1) that as the laser pump field becomes large, the aati-
Stokes emission rate approaches the Einstein coefficient Aqp 5 which at
fixed oscillator strength f4; , increases as the square of the VUV fre-
quency. The cross section for spontancous scattering is related to the
emissfion rate by unp(NO rnn\m,/(P/A) , where P/A  is the incident laser
power density.




The key to understanding and optimizing this light source is the two-
photon absorption which is created at the ultraviolet frequency ‘yyy in
the presence of the laser pump frequency “p - For the range of laser power &
densities of interest here, both A(1) and the two-photon absorption cross
section o(m) increase linearly with laser power density, and are related ‘
to each other in the same manner as are the emission and absorption coeffi-
cients for single-photon processes, i.e., o(m) = (12c¢?/0?) A(m)

Thc brightness of the light source, B(m) photonq/ (sec cm? sterradian E

), is determined by the interplay of the emissive and absorptive pro- ;

ce5qes, and for an infinitely long cylinder of outer radius ry 1is given E
by [1,2]:

ﬁn§ 1 ;
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(mks units). T is the temperature of the metastable level, i.e., Np/Nj =
exp - (Thgl/kT) Hij are matrix elements; i are the frequencies of the
intermediate states, and P /A is the power density of the pump laser.

In the (two-photon) optically thin case, i.e., o(®w)(Nj-Np)rg << 1,
B(m) increases linearly with the laser power density and is the same as ob-
tained from the usual spontaneous scattering cross section point of view.

As the laser power density is increased and the medium becomes nominally
two-photon opaque, i.e., o(w)(Nj-No)ry = 1, the brightness approaches a
constant value equal to that of a blackbody radiatnr at the temperature T
of the metastable level. Once the two-photon opaque or blackbody regime is
attained on line center, the primary effect of a further increase in laser
power density, cylinder radius rp , or ground state density Nj is to in-
crease the emission linewidth. The total number of emitted photons continues
to increase slowly, and the brightness remains constant.
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Before proceeding further, we note that anti-Stokes scattering in the VUV "
has been observed by BRAUNLICH and LAMBROPOULOS (4], and has been discussed |
by ZERNIK [5] and VINDOGRADOV and YUKOV [6].

Experimental Results

In our first experiments [?] on this t{pc of light source a glow discharge
was used to store population in the 2slS level of He at 601 R =~ 166,272 em~1
(Fig. 2). The cw He glow discharge was produced in a 40 cm long quartz tube
with a cylindrical hollow cathode and pin anode at opposite ends. Typically, {
the discharge current was 120 mA and the pressure was about 1 torr. A 0.9 cm

long slit was cut through the side wall of the 4 mm ID capillary and served

as an input slit for the VUV spectrometer. An actively mode-locked Nd:YAG

oscillator-amplifier system produced a train of mode-locked pulses, each with

a pulse length of ~ 100 psec. Approximately 10 pulses occurred within the

half-power points of the train envelope. The laser was prupagath down the

discharge capillary tube and focused to an area of about 3 x 10~ cm“ and a
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confocal parameter b =~ 5 cm parallel to the input slit.
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Fig.? Energy level diagram for laser induced emission in He.




The detection svstem consisted of a spivaltron, a tast preamplitier, a
pulse height discriminator, a coincidence gate, and a counter.  The coinei-
dence gate was set to a width ot 90 nsec overlapping the laser pulse train,
Typically, 10 counts were repistered per minute with a signal-to-noise
ratio of about 100, The rvelatively low count rate was a result of the
4 % 1072 taser duty cvele and the 0.5~ 1070 ratio ot detected photons to
total photons generated., Since the source linewidth, even fav into the
blackbody regime, was well below the resclution of the spectrometer, the
observed count rate was proportional to the inteprated brightness, B
[ B@) do

Using this svstem we observed laser induced emission at H00 X, 037 X, and
ol X, as well as He resonance line emission at s34 X, 637 A, 520 K, and
516 X, The emission at S01 X resulted from anti-Stokes scatteving trom the
He Js’s level, and had an inteasity of about 1 90 of the 00 X radiation.
Figure * shows the relative integrated brightness of the 00 \ radiation as
a tunction of laser peak power deansity tor three He pressures.  The points
represent the average of & one-mipute counting iatevvals,  The solid curves
are theoretical calculations of B . As described in (], the curves were
drawn using a value of the two-photon absorption coetticient of o (oyuy)
1.8 x 10=2C (Py/A) W ‘ome . The nagnitude ot cach theorvetical curve was de-
termined by a least squares it to the experimental points. Our results
indicate that the ratio of metastable population to grouad state population,
N> 'Nl 2.0 N 107 | which corresponds to a temperature T S0, TOOOK
These numbers were fndependent of pressure in this range to within * 41, At
the highest power density and pressure ot Fig. 3, the two-photon source had
a laser induced optical depth of  raNjotyuy ~ 7 4 well fato the blackbody

rey, ime .

The relative intensities of the laser induced emission and the He reso-
nance lines are campared in Table 1 tor a pressure of 1.0 torr and a laser
power density of 000 GW ‘cm . The instantancous count rate was calculated
from the accumulated count using the lascer repetition rate and cither the
coincidence pate aperture time (for the resonance lines) or the eftective
1 nsee total laser on-time.  In order to estimate the brightness we calcu-
lated the linewidth of the H57 N and S84 N resonance lines for our peometry
and pressure.  Based on a Voight protile, these ave 3.0 cm™ ' and .0 em-1
respectivelyv.  The linewidth of the laser induced emission for these opev-
ating conditions was calculated as 1.3 em~ 1 at 0o X and 1 em~! ae o357 X,
The second row of Table 1T also includes a geometrical tactor of O to account <
for the larger eftective radiating avea of the vesonance line source.  Thus, 1
we estimate that the peak induced emission at Ho0 \‘ is W0 times brighter
than the strongest He vesonance line. As a vesult of its pgreater detuning
from the intermediate .‘pl\“‘ level, the \‘riy,h‘lnm::: of the 057 N emission is

()

about [ times smaller than that ot the “09 \ emission.

One of the Key propertiecs of a laser ionduced two-photon radiator is that
its geometry is dominantly contrvelled by the pumping laser beam, instead of
by the geometry ot the discharge, This allows a two-photon vradiator to have
a temperature charvactevistic of the intevior of a plasma ov discharge. 1In a
plow dischavge similar to ours, in the intervior, clectvon collisions cause
the ‘\pl\“‘;\t“\“ ot the .‘p")‘ level to be within a tactor of three of the .‘s‘.\'
population,  However, it is the extevior .‘pl\‘ level atoms which to a large
extent determine the temporvature ot the single-photon 384 N vadiator, As a
result of the fact that these atoms ave continuously radiationg, as well as
due to the lower electron density and temperature near the walls, theiv

it RPN
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temperature may be significantly lower; thereby probably accounting for the
factor of 1%0 in relative brightness which we have observed. The attenu-
ation and self-reversal of single-photon radiators which results from cold
atoms, is also avoided in the two-photon radiator.
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Fig.5 Relative integrated brightness at 509 fas a function of 1.00 pum laser
peak power density. The theoretical curve at each pressure was determined by
numerically integrating (2); the magnitude was determined by a least squares
fit to the experimental points at that pressure.

Flashlamp Applications

One of the uses of this type of light source may be as a flashlamp for short
wavelength lasers. To avoid the inefficiencies of short wavelength optics,
it may be best to mix the target or lasing species directly with the lamp
species. For example, neutral potassium at a density of Ycrhape 1014
atomq/cm‘ might be mixed with He at a density of about 10 1Lomq/cm—, The
mixture would then he heated either electrically or by a COp laser beam.

At an appropriate time, an incident tunable laser pulse would cause the
gencration of spontaneous anti-Stokes radiation. This radiation would be
absorbed by the neutral potassium, and cause the production of excited-state
K'. A simplified energy level diagram for this type of interaction is shown
in Fig. 4. As_shown here, the anti-Stokes source would be tuned to an energy
of 172,75 em™" so as to cause an inner shell transition from the jp Us level
to the jp)bshd level. A second laser beam of energy greater than 28,739 cm” -1
would carry this excited electron into the continuum causing the formation of
the excited 3p Shs k' ion. By tuning the anti-Stokes source to a discrete

—————— L ek el ...-..u__»“j
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Table 1 Comparison of resonance line radiation and laser induced emission
—— g I oy
at 1.0 torr and 000 GW/ em .

Laser Induced H
Resonance Lines 3 3
Emission
G
el - ‘ ‘ “r
537 % s3% X 509 8 037 &
Iastantaneous Count Rate
6 0.8 32.0 sl 57
3 10 Counts/Sec
®
Estimated Peak Brightness
1¢ Photons 0.01% 0,35 Lo 0.5
Y
10 — N
sec cm ST ocm

*
The time averaged value is obtained by multiplying by the laser duty
cycle of 5\ 1079,
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Fig.h Simplified energy level diagram for anti-Stokes pumping of K. The
left) solid arrow shows divect pumping to the continuum of an inner shell

electron. The dashed arrows show two-photon pumping via an intermediate

state.
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intermediate state such as shown here, instead of tuning it divectly into
the continuum as shown by the solid arrow on the left side of Fig. N, it
should be possible to increase the cross section tor absorption of the anti-
Stokes radiation by about two orders of magnitude. This, in turn, allows
operation at a K d;nsity much lower than would otherwise be possible, and
mitigates, at least somewhat, the problem of the formation of ground state
Kt formed by collision with free electrons.

We should note that the energyv required to cause lasing on the 001 R
line of K' is quite small. The calculated gain coefficient is (0.1 x 107 })
N cm™%, where N is the density of the potassium ions. A gain of el na
path length of 1 m requires an ion density of 5 1011 atoms /en? Assuming
a confocal volume of about 1 cm’, this requires an energy of about 1 pJ.
| This energy must be deposited in a time short compared to the 0.0 nsec spon-
tancous decay time of the K' ion.

; Before going further we should note that there are two problems associ-
| ated with the K-He combination of Fig. %. The first of these is the forma-
tion of ground state K ions by autoionization from the *p“\snd level; the

second and possibly more severe problem is the formation of ground state K
ions by hot electrons in the discharge. During the afterglow, the density

) of these ions may rapidly reduce by formation of HeK' molecules.

There is an important advantage to the internal or mixed configuration
which, in a sense, allows the blackbody limitation to be overcome: to the
extent that the product of the single-photon absorption cross section and
density of the target species is greater than the two-photon absorption
cross section and (ground state) density of the storage species, the anti-
Stokes photons will be absorbed by the target instead of reabsorbed by the
i generating species. For appropriate conditions, the effective anti-Stokes
emission rate may then approach that of (1.

o

We should also briefly address the question of efticiency. At a detuning
of 100 cm™! from the Op resonance line of He the cross section tor spontaneous
anti-Stokes scattering is © X 10°0 cm~‘, and varies as the inverse square of
the detuning from the Op level. Assuming an excited state He density of 101%
atoms/cm*, a 1 m path length, and allowing for the energy conversion gain of
a factor of 3%, the ratio of anti-Stokes power generated to laser power in-
cident is about 20, This assumes that the media is kept (two-photon) opti-
cally thin, or that equivalently, as discussed above, all of the energy is
absorbed by the target species; and that the excited state population is not
depleted.

In conclusion, the anti-Stokes light source has poteatial for producing
radiation in the VUV and soft x-ray spectral regions with many laser-like
properties. These include narvow linewidth, tunability, picosecond oper-
ation, and controllable polarization. The source may provide a valuable tool
for studying the spectroscopy, fluorescent yield, and autoionizing vates of
inner shell transitions. Its use as a pump for VUV and sott x-ray lasers is
promisiag.

The authors acknowledge helpful discussions wi
Willison.
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